FtsZ1 and FtsZ2 are phylogenetically distinct homologues of the tubulin-like bacterial cell division protein FtsZ that play major roles in the initiation and progression of plastid division in plant cells. Both proteins are components of a mid-plastid ring, the Z-ring, which functions as a contractile ring on the stromal surface of the chloroplast IEM (inner envelope membrane). FtsZ1 and FtsZ2 have been shown to interact, but their in vivo biochemical properties are largely unknown. To gain insight into the in vivo biochemical relationship between FtsZ1 and FtsZ2, in the present study we investigated their molecular levels in wild-type Arabidopsis thaliana plants and endogenous interactions in Arabidopsis and pea. Quantitative immunoblotting and morphometric analysis showed that the average total FtsZ concentration in chloroplasts of 3-week-old Arabidopsis plants is comparable with that in Escherichia coli. FtsZ levels declined as plants matured, but the molar ratio between FtsZ1 and FtsZ2 remained constant at approx. 1:2, suggesting that this stoichiometry is regulated and functionally important. Density-gradient centrifugation, native gel electrophoresis, gel filtration and co-immunoprecipitation experiments showed that a portion of the FtsZ1 and FtsZ2 in Arabidopsis and pea chloroplasts is stably associated in a complex of ∼ 200-245 kDa. This complex also contains the FtsZ2-interacting protein ARC6 (accumulation and replicatioin of chloroplasts 6), an IEM protein, and analysis of densitygradient fractions suggests the presence of the FtsZ1-interacting protein ARC3. Based on the mid-plastid localization of ARC6 and ARC3 and their postulated roles in promoting and inhibiting chloroplast FtsZ polymer formation respectively, we hypothesize that the FtsZ1-FtsZ2-ARC3-ARC6 complex represents an unpolymerized IEM-associated pool of FtsZ that contributes to the dynamic regulation of Z-ring assembly and remodelling at the plastid division site in vivo.
INTRODUCTION
The essential cell-division protein FtsZ is a polymer-forming tubulin-like GTPase found in most prokaryotes (reviewed in [1] [2] [3] ). Prior to cytokinesis, FtsZ assembles at the mid-cell division site, just inside the cytoplasmic membrane, to form a contractile ring termed the Z-ring. The in vivo molecular structure of the Z-ring is unknown, but in vitro studies suggest that it is built from overlapping segments of short protofilaments composed of FtsZ monomers assembled end-to-end and stabilized at the division site through interactions with accessory factors [4] [5] [6] [7] . Mutations in FtsZ disrupt cell division, resulting in the formation of long multi-nucleate bacterial filaments. The Z-ring in Escherichia coli and Bacillus subtilis contains 30-35 % of the total FtsZ, but is constantly remodelled by the exchange of subunits with a cytoplasmic FtsZ pool in a dynamic process that requires the GTPase activity of FtsZ [4, 7, 8] . The FtsZ concentration is critical for its cell-division activity [9, 10] . Alterations in FtsZ levels or in the stoichiometry between FtsZ and other division proteins cause lethal blocks in cell division in vivo, and FtsZ polymerization and GTPase activity are concentration-dependent in vitro [11] [12] [13] [14] . FtsZ is known to interact with several other proteins that are recruited to the ring in a defined order, but the physiologically relevant sub-complexes deployed to the division site in vivo and the mechanisms regulating Z-ring dynamics in bacteria remain unclear [1, 2, 15, 16] .
Consistent with the endosymbiotic origin of chloroplasts, plants possess nuclear-encoded plastid-targeted homologues of bacterial FtsZ [17, 18] . Most prokaryotes, including the cyanobacterial relatives of chloroplasts, have a single form of FtsZ; however, plants contain two distinct FtsZ protein families, FtsZ1 and FtsZ2, both of which are required for the proper division of plastids [18] [19] [20] . Similarly to their bacterial counterparts, FtsZ1 and FtsZ2 co-localize to a mid-plastid Z-ring in the chloroplast stroma adjacent to the IEM (inner envelope membrane). The Zring assembles prior to the ordered recruitment of other subassemblies of the division complex and constricts throughout plastid division [20] [21] [22] . Recently, FtsZ1 and FtsZ2 have been shown to interact separately with the chloroplast division proteins ARC3 and ARC6 respectively [23, 24] , and may interact with other novel components of the chloroplast division machinery [23, 25] . Thus FtsZ1 and FtsZ2 are functionally distinguished in part by distinct protein-protein interactions.
Several lines of evidence suggest that FtsZ1 and FtsZ2 function in a complex. They are tightly co-localized in immunofluorescence-labelling experiments in both wild-type plants and in chloroplast division mutants in which FtsZ filament morphology is perturbed [20, 21, 26, 27] . FtsZ1 and FtsZ2 interact directly, both individually and with each other, in yeast two-hybrid and bimolecular fluorescence complementation assays [24] . FtsZ1 is not absolutely required for plastid division since ftsZ1-null mutants in Arabidopsis are viable [28, 29] , but a change in the level of either FtsZ1 or FtsZ2 perturbs plastid division [18, 19, 30, 31] , suggesting that their stoichiometry relative to one another and/or to other division factors such as ARC3 and ARC6 is important for normal plastid division in vivo.
As an important foundation for understanding the roles of FtsZ1 and FtsZ2 in chloroplast Z-ring dynamics, we are investigating their in vivo biochemical properties. In the present paper, we report endogenous FtsZ1 and FtsZ2 protein levels and molar ratios in chloroplasts of the model plant Arabidopsis thaliana. In addition, we show that FtsZ1 and FtsZ2 in pea and Arabidopsis chloroplasts are stably associated in a native complex that also contains ARC6; analysis in pea indicates that the complex contains ARC3 as well. These studies are the first in which the in vivo quantitative relationship between chloroplast FtsZ proteins and their interactions with accessory factors have been investigated in wild-type plants.
EXPERIMENTAL

Plant material
A. thaliana ecotype Columbia (Col-0) plants were grown as described in [19] . Pea plants (Pisum sativum var. Little Marvel) were grown in vermiculite as described in [32] . The mutant lines SALK 134970 and SALK 050397, carrying T-DNA (transfer DNA) insertions in the AtFtsZ2-1 and AtFtsZ2-2 genes were identified in the Salk Institute Genomic Analysis Laboratory database (http://signal.salk.edu/cgi-bin/tdnaexpress) [33] and obtained from the ABRC (Arabidopsis Biological Resource Center; http://www.arabidopsis.org/abrc/). The positions of the T-DNA inserts were confirmed by sequencing of PCR products amplified from the mutants using the T-DNA left border primer LBb1 (5 -GCGTGGACCGCTTGCTGCAACT-3 ) and either an AtFtsZ2-1-specific primer (5 -AGGGGGTTCGTGGGATATCTG-3 ) or an AtFtsZ2-2-specific primer (5 -TATTGTGTGAATTTGCTGCC-3 ). Individuals homozygous for the T-DNA insertions were identified by segregation analysis.
Chloroplast morphology phenotyping
Leaf tissue was prepared for microscopic analysis and viewed with a BH-2 (Olympus) microscope as described previously [18, 34] .
Immunofluorescence labelling
Fixation, embedding and immunofluorescence labelling of leaf and floral bud tissue with antibodies specific for AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 was performed as described previously [21] . Specimens were viewed with a Leica DMR A2 microscope (Leica Microsystems) and images were processed as described previously [27] .
Preparation of antibodies
Polyclonal antipeptide antibodies specific for AtFtsZ1-1 (1-1 antibodies) and AtFtsZ2-1 (2-1A antibodies) were generated previously [19] . The same procedure was used to generate and affinity-purify antipeptide antibodies against AtFtsZ2-1 (2-1B antibodies) and AtFtsZ2-2 (2-2 antibodies) using synthesized peptides corresponding to amino acid residues 367-380 (TRRRSSSFRESGSVEI) of AtFtsZ2-1 and 244-261 (EGRRRA-VQAQEGLAALRD) of AtFtsZ2-2 respectively. Affinity-purified 1-1, 2-1B and 2-2 antibodies were concentrated to 1.7, 1.2 and 2.8 mg/ml respectively. The specificity of the 2-1A antibody was maximized by pre-absorbing IgG-enriched 2-1A serum on to an AtFtsZ2-2 peptide column prior to affinity purification on a 2-1A peptide column [19] . 2-1A antibodies were concentrated to 1.3 mg/ml in PBS.
ARC6 antibodies were raised against amino acids 216-482 created from a XhoI-DraI fragment of the ARC6 cDNA (At5g42480) ligated into the XhoI-SmaI site of the expression vector pJC40 [35] resulting in a C-terminally His-tagged ARC6. This ARC6 fragment does not include the conserved J-like domain [27] . Recombinant proteins were expressed in E. coli Rosetta (DE3) pLysS cells (Novagen) with 1 mM IPTG (isopropyl β-D-thiogalactoside) and purified by Ni 2+ -affinity chromatography (Novagen). Antiserum produced in New Zealand White rabbits (Covance Research Products) was affinity-purified over a 1 ml Protein A column (Pierce); the column was washed with PBS, and bound antibodies were eluted in 0.2 M glycine (pH 1.85). After buffering the eluted antibody in Tris/HCl with a final pH of 7.4, the eluate contained 0.72 mg/ml protein. Affinity-purified antibodies were diluted 1:4900 for immunoblotting.
An antibody to ARC3 [36] was obtained from Dr Hiroshi Shimada and verified for specificity by immunoblotting using extracts from wild-type Arabidopsis (Col-0) and arc3 mutant plants, extracts from E. coli expressing recombinant ARC3-His and purified ARC3-His (results not shown).
Expression, purification and calibration of recombinant protein standards
Quantitative immunoblotting standards were created from fragments of the AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 cDNAs encoding partial or full-length proteins as shown (see Supplementary Figure S1A at http://www.BiochemJ.org/ bj/412/bj4120367add.htm) expressed in E. coli as N-terminal His 10 -tagged fusion proteins. Recombinant proteins were produced as described in [19] except that AtFtsZ2-2 was produced in C43(DE3) cells [37] (Avidis) and the mature AtFtsZ2-1 construct [AtFtsZ2-1(m)] was expressed from pDB328 in C41(DE3) cells [13, 38] . Soluble recombinant proteins were purified from cell lysates by Ni 2+ -affinity chromatography and their purity was evaluated by SDS/PAGE (see Supplementary Figure S1B at http://www.BiochemJ.org/bj/412/bj4120367add.htm). The purified proteins (> 95 % pure) were freeze-dried, resuspended in storage buffer {50 mM Tris/HCl (pH 8), 1 mM EDTA, 1 mM AEBSF [4-(2-aminoethyl)benzenesulfonyl fluoride] and 10 % glycerol}, and stored at − 20
• C. The FtsZ protein concentration was determined using the BCA (bicinchoninic acid) and Bradford assays [39] calibrated against purified E. coli FtsZ (see Supplementary Figure S1B , lane 5) quantified as described in [40] . Protein standards were adjusted to 1 mg/ml, serially diluted (500-2.5 ng in 10 μl), and processed on immunoblots probed with FtsZ-specific primary antibodies and 125 I-labelled donkey anti-rabbit secondary IgG (8.8 μCi/μg; GE Healthcare) to generate standard curves (see Supplementary Figure S2 at http://www.BiochemJ.org/bj/412/bj4120367add.htm) for quantitative analysis of plant FtsZ levels (described below). Standard curves were constructed based on the linear range of detection of radioactive signals. Data generated from the fusion proteins labelled AtFtsZ2-1(m) and AtFtsZ2-1(t) in Supplementary Figure S1 yielded nearly identical standard curves (results not shown), therefore AtFtsZ2-1(t) was used subsequently as the quantification standard for AtFtsZ2-1.
Chloroplast isolation
Arabidopsis chloroplasts were isolated from protoplasts [41] prepared from whole shoots of 3-7-week-old Arabidopsis plants and all steps after isolation included a protease inhibitor cocktail (5 mM EDTA, 5 mM EGTA, 0.05 mg/ml 1-chloro-3-tosylamido-7-amino-2-heptanone, 1 mM benzamidine HCl, 5 mM ε-amino-N-caproic acid, 1 μM leupeptin, 1 μM pepstatin A and 1 mM AEBSF). Pea chloroplasts were isolated from leaves of 7-9-day-old plants as described previously [32] . All steps included a protease inhibitor cocktail (Sigma P2714). Chlorophyll content of chloroplast suspensions was determined as in [42] and the chloroplast concentration (organelles/ml) was determined using a haemocytometer.
Determination of chloroplast volume
Chloroplasts isolated from 3-week-old Arabidopsis plants were immobilized by mixing chloroplasts in import buffer [50 mM Hepes/KOH (pH 8.0) and 330 mM sorbitol] at a ratio of 1:1 with warm low-melting-point agarose, 0.2 % (w/v) in import buffer, and cooling the suspension on a slide under a cover glass. Three-dimensional images of chlorophyll autofluorescence (excitation 488 nm, emission 600-700 nm) were acquired using a Zeiss LSM 5 PASCAL confocal microscope (Carl Zeiss) equipped with a 60 × /1.4 oil-immersion objective. After correction for refractive index mismatch between the immersion oil and the specimen, the effective voxel size was 0.089 μm in the xy and 0.43 μm in the z direction, yielding a voxel volume of 3.4 × 10 −3 μm 3 . Image stacks were opened using ImageJ version 1.34 software (http://rsb.info.nih.gov/ij), filtered (Median, radius = 4), set to auto-threshold, and voxels for each chloroplast were counted using the VoxelCounter plugin (http://rsb.info.nih.gov/ij/plugins/voxel-counter.html). Chloroplast volume was calculated as the number of voxels multiplied by the voxel volume. Plastid circumference was measured from image stacks that were rotated using the VolumeViewer plugin (http://rsb.info.nih.gov/ij/plugins/volume-viewer.html) to show the plastid projection along the longest axis of the plastid, which corresponds to the plastid cross-section at mid-length. The circumference of this projection was then measured in ImageJ. A total of 66 chloroplasts were measured to determine the average volume.
Quantitative immunoblotting
Isolated chloroplasts in import buffer were solubilized by addition of 2 × Laemmli sample buffer (1:1) [43] , and diluted with 1 × Laemmli sample buffer to various chlorophyll concentrations. Immunoblotting on PVDF was performed as previously described [20] except that blots were incubated overnight with 1-1 (1:6000), 2-1A (1:5000) or 2-2 (1:6000) antibodies in TBSTG {TBS [50 Figure S2 ) and showed < 10 % (+ − S.D.) variation between replicate blots. The results of these quantitative immunoblots were combined with microscopic measurements to estimate the number of FtsZ molecules per chloroplast.
Immunoprecipitation of in vitro FtsZ translation products before and after import into isolated intact chloroplasts
Affinity-purified 1-1 (8 mg), 2-1A (10 mg), 2-1B (10 mg) and 2-2 (10 mg) antibodies were separately coupled to CarboLink TM Gel (Pierce) agarose beads, following the manufacturer's protocol, with a coupling efficiency of ∼ 85-90 %. Coupled antibodies (A-beads; ∼ 8.5 ng of antibodies/μl of beads), pre-conditioned with 0.1 M glycine (pH 2.5) and equilibrated in TBS plus 0.02 % (w/v) thiomersal, were used in immunoprecipitation assays as a 1:1 (bead/buffer) slurry. 2-1A and 2-1B antibodies were coupled to beads and mixed together (1:1) prior to use for immunoprecipitation of AtFtsZ2-1. AtFtsZ1-1, AtFtsZ2-1 or AtFtsZ2-2 were translated in the presence of [ 35 S]methionine and imported into pea chloroplasts as previously described [20] . Import reactions contained 2.1 × 10 6 , 2.0 × 10 6 and/or 3.3 × 10 6 d.p.m. of radiolabelled AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 respectively, and intact pea chloroplasts (150 μg of chlorophyll) in a final volume of 900 μl. Control assays were performed using the nuclear-encoded, SSU [small subunit of Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase; EC 4.1.1.39)]. Following import, chloroplasts were treated with thermolysin to degrade non-imported proteins [44] , re-isolated through 40 % (v/v) Percoll, and washed in import buffer. Intact chloroplasts (75-100 μg of chlorophyll) were either solubilized in 2 × Laemmli sample buffer for SDS/PAGE or resuspended in 200 μl of buffer containing 25 mM Hepes/KOH (pH 8.0), 4 mM MgCl 2 and protease inhibitors (5 mM EDTA, 5 mM EGTA, 1 mM benzamidine HCl, 5 mM ε-amino-N-caproic acid, 1 μM leupeptin and 1 mM AEBSF) and placed on ice for 30 min before initiating immunoprecipitation reactions.
Radiolabelled translation products were immunoprecipitated directly from in vitro translation reactions (48 μl containing ∼ 120 000 d.p.m./μl), as described in [45] , using FtsZ-specific A-beads (100 μl of 1:1 slurry, ∼ 5 ng of antibody/μl). Imported proteins (∼ 1.0 × 10 5 d.p.m./reaction) were immunoprecipitated from chloroplast lysates, as described [46] , with the following modifications. Briefly, 1 ml of IP-DDM buffer [25 mM Hepes (pH 7.5), 50 mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.2 mM DDM (n-dodecyl-β-D-maltoside; Anatrace) and protease inhibitors] was added to the chloroplast lysate (200 μl), followed by addition of FtsZ-specific A-beads (100 μl of a 1:1 slurry). Reactions were incubated (∼ 12 h at 4
• C) on a rocking table. Beads were collected by centrifugation (10 000 g for 15 s), washed three times with IP-DDM and once in a buffer with no detergent [50 mM Tris (pH 7.5), 150 mM NaCl, 2 mM EDTA and 2 mM EGTA]. Bound proteins were eluted by addition of 2 × Laemmli sample buffer (no dye) and were incubated at 80
• C for 5 min and collected as above. Beads were washed once in water and combined eluants were analysed by SDS/PAGE and fluorography.
Isolation of an endogenous FtsZ complex by two-dimensional gel electrophoresis
Intact pea chloroplasts (∼ 2.3 mg of chlorophyll/ml) were lysed in buffer containing 50 mM Tris/HCl (pH 7.5), 50 mM MgCl 2 , 50 mM KCl, 50 mM NaCl and 0.2 mM DDM supplemented with protease inhibitors. The lysate was incubated on ice (30 min) and passed several times through a syringe fitted with a 25-gauge needle. Stromal protein complexes (400 μg of total protein) were recovered in the supernatant following centrifugation (17 000 g for 45 min at 4
• C), [47] . Molecular-mass-marker complexes ranging from 66-669 kDa (GE Healthcare) were run in parallel for estimating the masses of unknown complexes. FtsZ migration in native gels was determined from immunoblots of adjacent duplicate lanes probed with FtsZ-specific antibodies. Putative complexes containing FtsZ proteins were excised from native gels stained with 0.05 % aqueous colloidal Coomassie Brilliant Blue G (Sigma-Aldrich), solubilized by maceration of the gel slices in Laemmli sample buffer, and separated by SDS/10 % PAGE in the second dimension. Pea chloroplast stromal proteins (7 μg) were loaded on to adjacent lanes as controls. FtsZ1 and FtsZ2 proteins were detected by immunoblotting as described previously [20] .
Isolation and analysis of FtsZ-containing complexes from Arabidopsis and pea
Chloroplasts isolated from pea were lysed hypotonically in lysis buffer [50 mM Hepes/KOH (pH 8.0), 4 mM MgCl 2 and 1 mM DDM] and passed through a 25-gauge needle several times. Insoluble material was removed by centrifugation (16 000 g for 10 min at 4
• C). All buffers used for lysis and subsequent analysis contained protease inhibitors. Soluble proteins in isolated pea chloroplasts (50-100 mg of chlorophyll) were resolved by sedimentation through a sucrose density gradient {5-20 % (w/v) in lysis buffer [25 mM Hepes/KOH (pH 8.0) and 4 mM MgCl 2 }; 45 000 rev./min for 12 h at 4
• C) and collected in 24 fractions. Gradient-fraction proteins were precipitated with 80 % ice-cold acetone, dried, resuspended (1:20) in Laemmli buffer and analysed by SDS/PAGE and immunoblotting using antibodies raised against AtFtsZ1-1, AtFtsZ2-1 [20] and ARC6 (see Supplementary Figure S3 at http://www.BiochemJ.org/bj/412/bj4120367add.htm). In a separate series of experiments, a similar gradient was fractionated into 13 fractions and examined for FtsZ2 and ARC3 [36] . Molecularmass standards (66-669 kDa; GE Healthcare) dissolved in lysis buffer were applied to a separate sucrose gradient and run in parallel. Protein peaks in gradient fractions were detected by UV absorbance at 280 nm and the standard curve is shown in Supplementary Figure S4 (A) at http://www.BiochemJ.org/bj/ 412/bj4120367add.htm.
To investigate the co-fractionation of radiolabelled, imported Arabidopsis AtFtsZ1-1 and ARC6, both AtFtsZ1-1 and ARC6 were translated in the presence of [ 35 S]methionine as described above and imported independently into isolated pea chloroplasts. Chloroplasts were treated with thermolysin [44] , re-isolated through 40 % Percoll in import buffer and disrupted in lysis buffer. Proteins were resolved in parallel through identical sucrose density gradients, collected in fractions, precipitated with 80 % acetone, dried and resuspended 1:100 (v/v) in Laemmli buffer. One 10 μl aliquot from each of two sequentially collected fractions were combined and resolved by SDS/PAGE. Following electrophoresis the gel was soaked for 1 h in 20 % (w/w) PPO (2,5-diphenyloxazole) in DMSO, washed with water and dried for autoradiography.
To investigate the stability of FtsZ-containing complexes, sucrose gradient fractions containing FtsZ were pooled in sets of two, dialysed in lysis buffer with protease inhibitors, and concentrated by ultrafiltration [Amicon Ultra 15, 30 000 MWCO (molecular-mass cut-off); Millipore]. Proteins from the concentrated pool (∼ 50 μg of total protein) were applied to a Q-sepharose (GE Healthcare) anion-exchange column (1 ml bed volume) equilibrated with 50 mM Hepes/KOH (pH 8.0) and 5 and 9 ), transgenic plants carrying antisense constructs for AtFtsZ1-1 (lanes 2, 6 and 10) or AtFtsZ2-1 (lanes 3, 7 and 11) and knockout mutants with a T-DNA insertion in the AtFtsZ2-2 gene (lanes 4, 8 and 12) were probed with affinity-purified antibodies raised against peptide sequences from AtFtsZ1-1 (lanes 1-4), AtFtsZ2-1 (lanes 5-8) and AtFtsZ2-2 (lanes 9-12). The two proteins detected by the AtFtsZ2-1 antibodies are consistently detected in Arabidopsis extracts [19, 21] . Approximate molecular masses in kDa are shown on the right-hand side.
4 mM MgCl 2 . Proteins were eluted at 1 ml/min in a linear gradient (0-1 M NaCl) applied over 100 min. Fractionated proteins were acetone-precipitated, and FtsZ1, FtsZ2 and ARC6 were detected by immunoblotting.
Because it was difficult to estimate accurately the molecular mass of the FtsZ-containing complex in sucrose density gradients, chloroplast stromal proteins prepared in lysis buffer were applied to a Superdex 200 10/300 GL column (GE Healthcare) equilibrated in lysis buffer (containing 1 mM DDM) and eluted at a flow rate of 0.5 ml/min; in total 178 fractions of a volume of 0.2 ml were collected. Fractions were acetone-precipitated and examined by immunoblotting with FtsZ1 and FtsZ2 antibodies. The column was standardized with HMW (high-molecular mass) calibration markers (GE Healthcare) prepared in lysis buffer, and the molecular mass of the complex was calculated based on a standard curve (see Supplementary Figure S4 ). The retention of the standards differed slightly in the presence and absence of DDM (results not shown).
RESULTS
Specificity of Arabidopsis anti-FtsZ antibodies
A. thaliana contains one FtsZ1 gene, AtFtsZ1-1 (At5g55280), and two FtsZ2 genes, AtFtsZ2-1 (At2g36250) and AtFtsZ2-2 (At3g52750). Previously, we produced antipeptide antibodies against AtFtsZ1-1 (1-1 antibodies) and AtFtsZ2-1 (2-1 antibodies) that specifically target FtsZ1 and FtsZ2 in plant extracts [21] . For the studies described in the present paper, to ensure discrimination between AtFtsZ2-1 and AtFtsZ2-2, which share ∼ 82 % amino acid identity, we generated and affinity-purified new antibodies against a peptide from AtFtsZ2-2 (2-2 antibodies), and further purified our previously generated 2-1 antibodies [19, 21] . Antibody specificity was established by immunoblotting of leaf extracts (Figure 1 ) prepared from wild-type Arabidopsis plants, transgenic plants expressing antisense constructs for either AtFtsZ1-1 or AtFtsZ2-1 [18] and a homozygous atftsZ2-2 knockout mutant (described below). Consistent with previous results [19, 21] , the 1-1 antibodies recognized a single protein of ∼ 40 kDa in wild-type plants, AtFtsZ2-1 antisense plants and atftsZ2-2 knockout mutants that was not detected in AtFtsZ1-1 antisense plants (Figure 1, lanes 1-4) or in a mutant null for AtFtsZ1-1 [28] . Likewise, the 2-1 antibodies detected two closely migrating proteins of approx. 45 and 46 kDa in all extracts except those of the AtFtsZ2-1 antisense line (Figure 1, lanes 5-8) . The 2-2 antibodies recognized a single protein in wild-type and AtFtsZ1-1 antisense plants (lanes 9 and 10) that was not detected in the AtFtsZ2-2 knockout mutant (lane 12). These results demonstrate the specificity of the 1-1, 2-1 and 2-2 antibodies for AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 respectively. In addition to establishing antibody specificity, the results shown in Figure 1 revealed that the AtFtsZ2-1 antisense transgene [18] silenced both AtFtsZ2-1 (lane 7) and AtFtsZ2-2 (lane 11) and that the two closely migrating proteins recognized by the 2-1 antibodies [19, 21] (lanes 5, 6 and 8) are both products of the AtFtsZ2-1 gene.
AtFtsZ2-2 functions in chloroplast division
Previous studies [18, 21, 28] have established unequivocal roles for AtFtsZ1-1 and AtFtsZ2-1 in plastid division in Arabidopsis. To determine whether AtFtsZ2-2 is also a functional plastid division gene, we characterized a T-DNA insertional mutant of AtFtsZ2-2 (SALK 050397). We also characterized a T-DNA insertion allele of AtFtsZ2-1 (SALK 134970). We sequenced the annotated T-DNA insertion sites (http://signal.salk.edu/cgi-bin/tdnaexpress) [33] and confirmed their positions in intron 4 after nucleotide 1363 for the atftsZ2-1 mutant, and in exon 4 after nucleotide 1417 for the atftsZ2-2 mutant (Figure 2A ). AtFtsZ2-2 protein was not detected by immunoblotting at any stage of development in the atftsZ2-2 mutant (Figure 1, lane 12) , indicating that the atftsZ2-2 T-DNA insertion allele is null. AtFtsZ2-1 and AtFtsZ1-1 levels were unaffected in the atftsz2-2 mutant (Figure 1, lanes 4 and 8) . In homozygous atftsZ2-1 individuals, AtFtsZ2-1 protein was not detected in plants grown from the original seed stock obtained from the ABRC, but AtFtsZ2-1 proteins were often detected in the progeny of these plants and in later generations (results not shown). We conclude that atftsZ2-1 is a knockdown allele of AtftsZ2-1 with variable expression, probably due to the location of the T-DNA insertion in an intron (Figure 2A) .
Chloroplast morphology in fully expanded leaf mesophyll cells of 4-week-old atftsZ2-1 and atftsZ2-2 mutants was examined by light microscopy [18] and compared with that in wildtype plants ( Figure 2B ). In the atftsZ2-1 mutant, chloroplast morphology was highly variable. Large and small chloroplasts were frequently observed in the same cells ( Figure 2C ) and chloroplast number was reduced, often to one per cell. Related phenotypes have been reported in AtFtsZ2-1 antisense plants [18, 31] . Chloroplast division defects were less pronounced in the atftsZ2-2 mutant ( Figure 2D ), but quantitative analysis showed that these chloroplasts were visibly larger and fewer in number than those in cells of comparable size from wild-type plants ( Figure 2B ) (A. Schmitz and K.W. Osteryoung, unpublished work), indicating impaired chloroplast division. The difference in severity of division defects in the afttsZ2-1 and atftsZ2-2 mutants may reflect their respective contributions to the total FtsZ2 pool, as described below.
To define further the role of AtFtsZ2-2 in chloroplast division, we investigated its localization by immunofluorescence labelling. In green chloroplasts of fully expanded leaves, AtFtsZ2-2 was detected in mid-plastid ring structures in wild-type plants, but not in the atftsz2-2 knockout mutant ( Figures 2G and 2H respectively) . AtFtsZ2-2 also localized to rings in small non-green plastids of young floral buds ( Figure 2G, inset) . The absence of AtFtsZ2-2 in the enlarged chloroplasts of atftsz2-2 mutants did not interfere with ring formation by either AtFtsZ2-1 ( Figure 2F ) Immunofluorescence labelling of AtFtsZ2-1 (E and F) and AtFtsZ2-2 (G and H) in leaf mesophhyll cells and floral buds (insets) of wild-type plants (E and G) and atftsZ2-2 knockout mutants (F and H). FtsZ rings are indicated by arrowheads. AtFtsZ2-1 and AtFtsZ2-2 co-localize in wild-type plants (E and G). In the atftsZ2-2 knockout mutant, AtFtsZ2-1 forms rings (F) and AtFtsZ2-2 is not detected (H). In all panels, scale bar = 20 μm.
or AtFtsZ1-1 (results not shown), which is consistent with the mild division defect observed in the atftsz2-2 plants. Taken together, the localization of AtFtsZ2-2 to a mid-plastid ring in wild-type plants and the reduced chloroplast division capacity of the atftsz2-2 knockout mutants indicate that AtFtsZ2-2, like AtFtsZ2-1, is a functional chloroplast division protein. These results also suggest that AtFtsZ2-1 and AtFtsZ2-2 are at least partially redundant.
Quantitative analysis of FtsZ levels in Arabidopsis chloroplasts
AtFtsZ levels were measured by quantitative immunoblotting in chloroplasts isolated from whole rosettes of plants ranging in age from 3 to 7 weeks. Preliminary blots established the linear working range for the purified FtsZ recombinant protein standards (Supplementary Figure S2) and the range over which FtsZ protein levels and chlorophyll content were linearly correlated in leaf extracts (∼ 7-15 μg of chlorophyll; Supplementary Figure S2B) . Leaves, leaf cells and chloroplasts in older plants are on average larger than those in younger plants [34, 48] , but were variable in size at any given age; thus the population of chloroplasts isolated at each age represents a developmental range and the measurements performed on these populations represent averages. The average number of FtsZ molecules per chloroplast at each plant age was estimated by combining immunoblotting results with measurements of the average number of chloroplasts per unit of chlorophyll in isolated chloroplast suspensions (Table 1) . In 3-week-old plants, the average number of FtsZ molecules per chloroplast was 101200 + − 6000, with a molar distribution of approx. 33 % AtFtsZ1-1, 47 % AtFtsZ2-1 and 20 % AtFtsZ2-2. Although total FtsZ levels declined 10-fold between 3 and 7 weeks of age, the molar ratio between FtsZ1 and FtsZ2 remained at approx. 1:2 ( Figure 3 ), suggesting that this stoichiometry in chloroplasts may be important for FtsZ function. The ratio between AtFtsZ2-1 and AtFtsZ2-2 was also somewhat stable ( Table 1) . Comparison of signals on immunoblots suggests FtsZ1/FtsZ2 ratios may be similar in pea, tobacco and spinach [21] (results not shown), but we lack the protein standards and knowledge of complete FtsZ gene complement required for rigorous quantitative analysis in other species. Previous calculations by Lu et al. [40] have shown that there are ∼ 15 000 FtsZ molecules in an average exponential-phase E. coli cell, which if assembled end-to-end could, in theory, form a protofilament encircling the circumference of the cell ∼ 20 times. We combined our measurements of chloroplast FtsZ levels with morphometric measurements to compare FtsZ levels in chloroplasts isolated from 3-week-old Arabidopsis plants with those in E. coli ( Table 2 ). The average circumference of the short axis of these chloroplasts at midpoint, measured from threedimensional image stacks, was 19.1 + − 2.3 μm. Assuming FtsZ monomer dimensions equivalent to those of bacterial FtsZ, 4-4.5 nm long and ∼ 5 nm wide [49] [50] [51] [52] , the average ∼ 101 200 total molecules of FtsZ in chloroplasts of 3-week-old plants (Table 1) could theoretically encircle the plastid division site ∼ 21-23 times, close to the estimate of 20 times calculated for E. coli FtsZ [50] . Although only 30 % of the total FtsZ in E. coli is in the Z-ring [8] and the in vivo molecular structures of the bacterial and chloroplast Z-rings are not yet known, these calculations suggest that FtsZ levels and overall ring structure in the cell and organelle are comparable with respect to their sizes and the dimensions of their division sites.
We next estimated the average FtsZ concentration in chloroplasts of 3-week-old plants. Confocal microscopy indicated that the average volume of chloroplasts isolated from these plants was 131 + − 55 μm 3 . If the stroma, in which FtsZ1 and FtsZ2 are localized [20] , occupied the entire chloroplast volume, then the average total FtsZ concentration would be ∼ 1.28 μM. Because the thylakoids occupy a considerable proportion of the chloroplast volume [53] , this value represents a minimum concentration; if the stroma represents 50 % of the total volume, as has been reported, the concentration would be twice this, or 2.56 μM. These values are within the range of concentrations required for both co-operative assembly (0.3-3 μM) and full GTPase activity (0.5-2 μM) of E. coli FtsZ in vitro [4, 6, 7, 54, 55] .
AtFtsZ proteins are stably associated following import into pea chloroplasts
FtsZ1 and FtsZ2 tightly co-localize to rings in vivo [20, 27] and recombinant and GFP (green fluorescent protein)-fused forms of FtsZ1 and FtsZ2 interact in yeast and transgenic plants [24] . To begin investigating in vivo interactions between FtsZ1 and FtsZ2, we performed a series of immunoprecipitation assays on radiolabelled precursor (indicated by p) AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 proteins, generated by in vitro translation in the presence of [ 35 S]methionine, that were subsequently imported into isolated pea chloroplasts to yield processed mature (indicated by m) import products [20] . Following import, chloroplasts were treated with protease to remove unimported precursors and reisolated. Radiolabelled precursor and imported mature proteins were detected by SDS/PAGE and autoradiography (shown for p-AtFtsZ1-1 and m-AtFtsZ1-1 in Figure 4A ). For immunoprecipitation experiments, 1-1, 2-1 and 2-2 antibodies coupled to agarose beads were incubated with either radiolabelled mature proteins present in post-import chloroplast lysates or radiolabelled precursor proteins. Analysis of bound and unbound fractions showed that all radiolabelled AtFtsZ proteins, both precursor ( Figure 4B, lanes 1, 2, 7 and 9 , and results not shown) and mature ( Figure 4B, lanes 3, 8 and 10 , and results not The present study 1 The majority of chloroplasts in 3-week-old seedlings or exponential phase E. coli cells are actively dividing. 2 Circumference was calculated as 2πr, for an E. coli cell with a ∼ 0.48 μm radius or A. thaliana chloroplast with a ∼ 3.37 μm radius respectively. 3 The length of FtsZ polymers was calculated as the total molecules of FtsZ multiplied by the FtsZ monomer length, ∼ 4.3 nm [51, 52] . 4 The number of times FtsZ polymers theoretically encircle the division site was calculated by dividing the polymer length (μm) (end-to-end assembly) by the cell or organelle circumference (μm).
shown) forms, were immunoprecipitated by their corresponding antibodies. Owing to the complexity of the experiments, only a subset of the results is shown in Figure 4 . In control assays, radiolabelled, imported SSU was not precipitated by any of the anti-AtFtsZ antibodies (shown for 1-1 antibodies in Figure 4B , lanes 5 and 6), and neither agarose beads alone (results not shown) nor pre-immune (PI) IgG coupled to agarose beads pulled down any of the radiolabelled AtFtsZ proteins (shown for m-AtFtsZ2-2 incubated with PI in lane 12).
To investigate FtsZ interactions, radiolabelled AtFtsZ precursors were first incubated with pea chloroplasts in combinations of two: AtFtsZ1-1 and AtFtsZ2-2, AtFtsZ2-1 and AtFtsZ2-2 or AtFtsZ1-1 and AtFtsZ2-1. In all cases, co-import of both proteins was observed ( Figure 4C, lanes 1-3 respectively) . Following import and recovery of intact chloroplasts, equal amounts (μCi) of radiolabelled mature proteins in chloroplast lysates were incubated with FtsZ-specific antibodies and analysed as above. The results indicated that any two co-imported AtFtsZ proteins ( Figure 4C, lanes 1-3) were co-precipitated (∼ 10-20 % yield) by antibodies specific for either protein ( Figure 4C, lanes  4-9) . In contrast, when two precursor proteins were incubated together with any of the FtsZ antibodies, only the radiolabelled protein recognized by the antibody was precipitated (∼ 5 % yield) (results not shown). In experiments in which all three AtFtsZ proteins were co-imported, all three mature proteins could be co-precipitated by any one FtsZ-specific antibody (∼ 12-30 % yield), indicating their interaction in a stable complex ( Figure 4D ). Moreover, co-imported AtFtsZ2-1 and AtFtsZ2-2 ( Figure 4E ), as well as singly imported AtFtsZ2-1 (results not shown), could be pulled down by the anti-FtsZ1 antibody. These results show that the imported Arabidopsis FtsZ2 proteins associate with the endogenous pea FtsZ1 in organello.
FtsZ1 and FtsZ2 are in a stable complex in vivo
Ultracentrifugation experiments were used to examine whether FtsZ1 and FtsZ2 are in a complex in vivo as suggested by the coimport/co-immunoprecipitation experiments. Chloroplasts from 7-9-day-old pea leaves were lysed in the presence of DDM to partially solubilize the membranes, and the soluble protein fraction was sedimented through a 5-20 % sucrose gradient. Gradient fractions were analysed by immunoblotting. Replicate experiments showed that FtsZ1 and FtsZ2 primarily co-sedimented in the upper region of the gradient in a mass range ∼ 215-240 kDa ( Figure 5A ). The association between FtsZ1 and FtsZ2 was further examined by pooling the peak FtsZ-containing density gradient fractions and subjecting them to anion-exchange chromatography, where both proteins co-eluted at ∼ 300-400 mM NaCl ( Figure 5B ). The DDM-solubilized chloroplast proteins were also separated by size-exclusion chromatography, and the fractions were examined by immunoblotting ( Figure 5C ). Consistent with the sedimentation analyses, both FtsZ1 and FtsZ2 co-eluted in fractions corresponding to a mass range of 213-243 kDa.
In a separate approach, protein complexes from intact pea chloroplasts were separated by native PAGE using 4-12 % gradient gels ( Figure 6A, lane 1) . A distinct band that resolved at ∼ 200 kDa was recognized by both the anti-FtsZ1 and -FtsZ2 antibodies ( Figure 6A, lanes 2 and 3) . Notably, the 550 kDa Rubisco complex [57] migrated with an apparent mass of ∼ 470 kDa, indicating that the mass of the FtsZ1-and FtsZ2-containing complex was probably underestimated by this method. Based on the results of native PAGE, density-gradient centrifugation and anion-exchange chromatography, we concluded that endogenous pea FtsZ1 and FtsZ2 associated in a stable discrete complex in vivo with a mass between ∼ 200 and 245 kDa.
The native immunoblots also showed smearing of the FtsZ1 and FtsZ2 signals, suggesting the presence of larger FtsZ-containing complexes or assembled protofilaments of various lengths ( Figure 6A, lane 2) . In addition, FtsZ1 was detected in a wellresolved complex of ∼ 440 kDa ( Figure 6A , indicated with an asterisk) that did not contain detectable FtsZ2; however, a similarly sized complex was not evident in the pea density gradient or size-exclusion chromatography fractions ( Figures 5A  and 5C ). The composition of this FtsZ1-containing complex was not investigated further in the present study.
In a bid to identify other proteins associated with the FtsZ1-and FtsZ2-containing complex, the ∼ 200 kDa band resolved by native PAGE was excised from the native gel and analysed by SDS/PAGE ( Figure 6B ). Although FtsZ1 and FtsZ2 were readily detectable by immunoblotting, neither was stained by Coomassie Blue, precluding visual detection of other proteins potentially associated with the complex.
The native FtsZ complex also contains ARC6 and ARC3
Interaction assays have shown that FtsZ1 and FtsZ2 interact with the chloroplast division proteins ARC3 and ARC6 respectively [23, 24] . To ask whether FtsZ, ARC6 and/or ARC3 can be detected in an endogenous complex, DDM-solubilized chloroplast proteins from 7-10-day-old pea plants were fractionated on sucrose density gradients and analysed by immunoblotting using antibodies against Arabidopsis ARC6 (Supplementary Figure S3) and ARC3 [36] . The anti-ARC6 antibodies detected two crossreactive pea proteins of ∼ 100 kDa, similar to the mass of ARC6 [27] . The doublet could be indicative of post-translational modification. A significant portion of the smaller protein sedimented at the bottom of the gradient, suggesting that it was membrane-associated ( Figure 7A , fraction M), as is ARC6 [20, 27] . Within the gradient, this protein co-sedimented with the peak FtsZ1-and FtsZ2-containing fractions at ∼ 215-240 kDa ( Figure 7A, fractions 5-8) .
In a separate experiment, immunoblots of density gradient fractions were probed with antibodies against FtsZ1, FtsZ2, ARC6 and ARC3. As in Figure 7 (A), FtsZ1, FtsZ2 and the putative pea ARC6 co-sedimented at 215-240 kDa (results not shown). The anti-ARC3 antibody detected two closely migrating proteins AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 cDNAs were translated in vitro with [ 35 S]methionine to produce precursor proteins and were imported into isolated pea chloroplasts to yield processed mature proteins. Following import, chloroplasts were treated with thermolysin and re-isolated. Immunoprecipitation reactions, carried out using 1-1, 2-1, 2-2 or pre-immune (PI) antibodies coupled to agarose beads, were performed directly on the in vitro translation mixture for precursor proteins (p-1-1, p-2-1, p-2-2 are precursor AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 respectively) and on soluble chloroplast fractions for mature proteins (m-1-1, m-2-1, m-2-2 are mature AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 respectively). Translation, import and immunoprecipation products were detected by SDS/PAGE and autoradiography. (A) p-AtFtsZ1-1 (lane 1) and m-AtFtsZ1-1 (lane 2). (B) Precursor (lanes 1, 2, 7 and 9) or individually imported (lanes 3-6, 8, 10-12) proteins were immunoprecipitated with the antibodies shown above the panel and proteins either bound (B) or unbound (U) to the antibody beads are shown. All precursor and mature proteins were specifically bound by their corresponding antibodies, which did not recognize SSU. AtFtsZ2-1 is a doublet as previously reported [27] . In a control experiment, imported SSU was detected only in the unbound fraction after immunoprecipitation with 1-1 antibodies (lanes 5 and 6). of ∼ 75 kDa, presumably pea ARC3, that co-sedimented with FtsZ1 and FtsZ2 ( Figure 7B ). These results suggest that the stable FtsZ1-and FtsZ2-containing complex also contains ARC6 and ARC3.
To confirm co-sedimentation of FtsZ and ARC6, Arabidopsis To investigate the stability of protein associations in the native pea complex, sucrose density gradient fractions containing FtsZ1, FtsZ2 and ARC6 ( Figures 5A and 7A , fractions 5-8) were separated by anion-exchange chromatography ( Figures 5B and  7D) , and fractions were analysed by immunoblotting with anti-ARC6 antibodies. The peak FtsZ-containing fractions ( Figure 7D , indicated by 'z', equivalent to fractions 9-12 in Figure 5B) were also found to contain the ∼ 100 kDa ARC6 protein. This demonstrates not only that FtsZ1, FtsZ2 and ARC6 are associated in a complex, but also that this complex is stable at high ionic strength, suggesting tight and specific interactions within the complex.
DISCUSSION
FtsZ1 and FtsZ2 arose by duplication and divergence of an ancestral FtsZ of cyanobacterial origin [18, 20, [56] [57] [58] . The functional significance of this divergence is not fully understood, but recent findings showing that FtsZ2 interacts specifically with ARC6 [24] and FtsZ1 with ARC3 [23] suggest the acquisition of distinct binding activities for FtsZ1 and FtsZ2. However, the interaction assays performed to date have been carried out in yeast and transgenic plants overexpressing FtsZ1 or FtsZ2. In the work described in the present paper, we have begun to investigate the composition of an endogenous FtsZ-containing complex as well as FtsZ1 and FtsZ2 levels in wild-type plants. Such studies are critical for extrapolating the results of other types of experiments to the in vivo system.
We have shown previously that suppression and overexpression of AtFtsZ1-1 or AtFtsZ2-1 in Arabidopsis perturb Z-ring morphology and cause dose-dependent defects in chloroplast division [18, 19, 21] . These results suggest that the stoichiometry between FtsZ1 and FtsZ2 could be an important aspect of their activity in vivo. Consistent with this possibility, we have found in the present study that, although individual and total FtsZ levels in Arabidopsis leaves decline as plants mature between 3 and 7 weeks, their relative contributions to the average FtsZ pool remain similar: AtFtsZ1-1 constitutes ∼ 30 % of the total FtsZ pool, whereas AtFtsZ2-1 and AtFtsZ2-2 together constitute ∼ 70 % (Table 1) . This translates into a molar ratio of approx. 1:2 between FtsZ1 and FtsZ2. The high amino acid identity between AtFtsZ2-1 and AtFtsZ2-2 (∼ 81 % for the full-length proteins and ∼ 85 % for the predicted mature forms), along with our finding that AtFtsZ2-2, like AtFtsZ2-1 [21] , encodes a functional ring-forming chloroplast division protein (Figure 2) , suggest that AtFtsZ2-1 and AtFtsZ2-2 have biochemically equivalent functions within the FtsZ2 pool. We hypothesize that the relatively mild phenotype of the atftsZ2-2 knockout mutant ( Figure 2D ) reflects the loss of only approx. 30 % of the total FtsZ2 in this mutant. However, the significance of the 1:2 ratio between FtsZ1 and FtsZ2 is not yet clear. Recent studies show that, in vitro, recombinant FtsZ1 is capable of assembling into polymers and filaments independently of FtsZ2 [59, 60] and vice versa [61] . In addition, we have found that FtsZ2 can be detected in midplastid rings in an atftsZ1-1-null mutant, although only in the tiny proplastids of meristematic tissue and not in differentiated chloroplasts [28] . Together, these results indicate that the 1:2 ratio in Arabidopsis does not reflect a stoichiometric requirement for FtsZ polymerization itself. More likely, a balance between FtsZ1 and FtsZ2, and/or a balance between these proteins and other plastid division factors, may be critical for proper regulation of Z-ring morphology, position and dynamics in vivo. Our finding that FtsZ1 and FtsZ2 can complex with ARC3 and ARC6 in vivo is consistent with this idea. FtsZ levels have been rigorously quantified only in E. coli [40] . The high degree of sequence conservation between chloroplastic and prokaryotic FtsZs [56, 58] strongly suggests structural and mechanistic conservation as well. Consistent with this expectation, our measurements indicate that the average FtsZ concentration in chloroplasts of 3-week-old plants, in which leaves are still actively expanding and chloroplasts actively dividing [34, 48] is similar to that in the cytoplasm of exponentialphase E. coli cells [40] . Somewhat surprising was our hypothetical calculation (Table 1) suggesting that the average number of FtsZ molecules in chloroplasts at this stage of development is comparable with the amount of FtsZ present in dividing E. coli cells with respect to the average dimensions of their division sites. This may be coincidental; we only measured the midplastid circumference in mesophyll cells of 3-week-old plants, and molecular levels of FtsZ relative to the dimension of the chloroplast division site could be different in other cell types and at other stages of development. Nevertheless, the potential similarity between chloroplasts and E. coli in this regard is intriguing and worthy of further comparison.
We have found that FtsZ1, FtsZ2, ARC6 and ARC3 associate in a native complex in pea and Arabidopsis. The isolated complex is robust, it remains intact during several size fractionation procedures as well as during anion-exchange chromatography (Figure 7) , and ARC3 also remains associated during anionexchange chromatography (results not shown). The estimated mass of the complex, between ∼ 200 and 245 kDa, is consistent with the calculated molecular masses of the mature forms (i.e. lacking chloroplast transit peptides) of FtsZ1, FtsZ2, ARC3 and ARC6, which in Arabidopsis are 39, 45, 75 and 81 kDa respectively (although ARC6 often migrates at ∼ 100 kDa in SDS/polyacrylamide gels; Supplementary Figure S3) . A complex containing these proteins in a 1:1:1:1 stoichiometry would be ∼ 240 kDa. Based on yeast two-hybrid in vivo FRET (fluorescence resonance energy transfer) and bimolecular fluorescence complementation assays reported by Maple et al. [23, 24] , we would predict direct interactions within the native complex between ARC6 and FtsZ2, FtsZ2 and FtsZ1, and FtsZ1 and ARC3. Other compositions and stoichiometries are also possible; for example, complexes containing subsets of these proteins in different stoichiometries could co-elute at similar molecular masses, although the co-elution of the four proteins during anion-exchange chromatography ( Figures 5B and 7C) suggests their association in a single stable complex. Further analysis of the composition, stoichiometry and protein-protein interactions within the ∼ 200-245 kDa complex will be important for fully defining its structure and functional role in chloroplast division.
The bacterial Z-ring is proposed to consist of short overlapping FtsZ protofilaments bundled at the cell membrane [8, 15] . Protofilaments within the ring are rapidly remodelled by exchange of subunits with a cytoplasmic FtsZ pool, allowing the ring to be dynamic [4, 6, 8] . Preliminary evidence suggests that chloroplast Z-rings and filaments exhibit similar dynamics [62] . However, the presence of ARC6, an IEM protein [27] , in the FtsZ1-and FtsZ2-containing complex as well as the stability and relatively small mass of the complex ( Figure 7A ), implies that it represents an IEM-associated FtsZ pool that is not polymerized or readily exchangeable. Furthermore, the mid-plastid localization of ARC6, FtsZ1, FtsZ2 and at least a portion of ARC3 [21, 23, 27, 36] suggests that the complex may be associated with the plastid division site in vivo. The complex contains only a fraction of the FtsZ in the chloroplast, however, and multiple pools of FtsZ presumably exist in the chloroplast, as indicated by the 'smearing' of the FtsZ1 and FtsZ2 signals on native immunoblots (Figure 6 ), broad sedimentation patterns in density gradients ( Figure 5A ) and detection of the ∼ 440 kDa FtsZ1-containing complex ( Figures 5C  and 6A ). It is conceivable that the latter represents a pool of FtsZ1 recently reported to be associated with thylakoid membranes in Arabidopsis [29] . Although the distribution of FtsZ1 and FtsZ2 between the stromal and membrane fractions of the chloroplast has been variously reported in the literature, perhaps due to differences in developmental stage, growth conditions or isolation procedures [20, 25, 29, 59] , the data consistently suggest that a significant fraction of the chloroplast FtsZ is soluble. If, as is proposed in bacteria, the chloroplast Z-ring is composed of rapidly remodelled protofilaments, then it seems likely that the bulk of the FtsZ in the ring and the exchangeable fraction would be soluble.
What might the function of the FtsZ1-FtsZ2-ARC6-ARC3-containing complex be? In bacteria, Z-ring dynamics are regulated by the balanced activity of several Z-ring assembly and disassembly factors [15] . In chloroplasts, ARC6 has been shown to promote and stabilize chloroplast FtsZ filament formation in vivo, suggesting that it is an assembly factor [27] , and ARC3 has been postulated to have an activity related to that of MinC, which inhibits FtsZ polymer assembly in bacteria [23, 25, 63] . We speculate that the complex plays a role in regulating FtsZ polymer assembly and remodelling adjacent to the IEM. ARC6 and ARC3 could antagonistically regulate polymer formation at the division site, facilitating Z-ring dynamics. The complex could also comprise a nucleation or other pre-assembly complex, perhaps resembling the role of microtubule-organizing centres in regulating microtubule dynamics [64] . Further analysis of the complex will yield a clearer picture of its functional significance.
